We have developed a cDNA library screening method which allows the simultaneous screening of >10 12 double-stranded plasmid cDNA molecules with minimal a priori sequence knowledge. A biotinylated, genespecific oligonucleotide probe along with abutting 'blocking' oligos is hybridized to the plasmid cDNA library and the target plasmid retrieved with paramagnetic streptavidin beads and transformed into Escherichia coli. Multiple rounds of enrichment with a target plasmid represented at 0.002-0.0001% resulted in over one-third positive clones. Our method will be useful for isolating even the rarest cDNAs starting from ESTs, isolated exons or homologous sequence information.
Current cDNA enrichment procedures available include traditional in situ hybridization (1) and the recently developed Genetrapper TM cDNA positive selection system (Life Technologies, Gaithersburg, MD, USA). These methods are capable of isolating the cDNA of interest but may suffer from one or more of the following disadvantages: time-consumption, inefficiency, use of radioactivity, laboriousness, expense, requirement for single-stranded DNA, or requirement for additional enzymatic manipulation of the DNA beyond that used to construct the library. Our method is only limited by the amount of starting sequence information required.
We have developed a rapid, non-radioactive and inexpensive method for the isolation of cDNAs from double-stranded plasmid cDNA libraries based on the principles of streptavidin-coated magnetic bead capture of biotin-labeled probe hybridized to DNA (2-4) (Genetrapper TM cDNA positive selection system, Life Technologies, Gaithersburg, MD, USA). In our method, denatured double-stranded plasmid DNA is hybridized with a single-stranded, gene-specific 5′-biotinylated oligonucleotide probe (25 nt; Fig. 1) . A key feature of our method is the use of 'blocking' oligos (40 nt) directly abutting either side of the probe. The blocking oligos function to reduce re-zippering of the denatured plasmid DNA as demonstrated in a fluorescence polarization based DNA detection method (PanVera Corp., Madison, WI, USA). Our method requires no more than 105 nt of sequence 'tag' information to enrich even the rarest cDNAs directly from complex libraries. Captured plasmids are directly electrotransformed into DH10B Escherichia coli, plated on LB agar, and positive clones identified by colony PCR (5) .
We optimized the method using a chloramphenicol-and ampicillin-resistant target plasmid (pSPORT1-CAT, Life Technologies, Gaithersburg, MD, USA) spiked at a known abundance into the background of an ampicillin-resistant plasmid cDNA library. The sense strand biotinylated CAT gene probe and 5′ and 3′ sense strand blocking oligonucleotide sequences were as follows:
Probe:
biotinGACCGTTCAGCTGGATATTACGGCC; 5′ block: TTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCA; 3′ block: TTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATC.
*To whom correspondence should be addressed. Tel: +1 507 284 8127; Fax: +1 507 284 8566; Email: rae.james@mayo.edu Table 1 . Enrichment of the pSPORT1-CAT target plasmid from a heterologous plasmid cDNA library using our magnetic bead capture procedure with comparison to the Genetrapper™ cDNA positive selection system a Fold enrichment is given relative to the starting target:plasmid ratio.
In our method, 5 µg (≈10 12 copies) of double-stranded plasmid cDNA library was mixed with 80 ng of the 5′-biotinylated (Biotin-ON TM Phosphoramidite; Clontech, Palo Alto, CA, USA) probe, and 80 ng of the 5′ and 3′ neighboring unbiotinylated blocking oligos in a total volume of 9 µl in a 1.5 ml microfuge tube. The oligos may be designed to the sense or antisense strand of the desired cDNA but should be used at the indicated optimized relative concentrations and should be contiguously arrayed. It may be possible to use shorter blocking and probe oligos than outlined in our method, but our results with shortened oligos have been more variable and less efficient (data not shown). The plasmid DNA was denatured by adding 1 µl of 1 N NaOH (0.1 N final) and incubating at room temperature for 5 min. No heat was used in the denaturation since this may nick and linearize the DNA resulting in decreased transformation efficiency (data not shown). The denaturation reaction was neutralized by the addition of 100 µl pre-warmed Tris-hybridization solution (6× SSPE, 0.1% Tween 20, 50 mM Tris-HCl, pH 7.4) and incubated at 37_C for 1 h.
During the hybridization reaction, streptavidin-coated magnetic beads (Dynabeads M-280 Streptavidin; Dynal A.S., Oslo, Norway) were prepared by transferring 20 µl (200 µg) to a 1.5 ml microfuge tube and washing three times with an equal volume of TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) and finally resuspending in an original volume of Trishybridization solution.
At the end of the hybridization reaction, the 20 µl of washed magnetic beads were transferred to the 110 µl hybridization tube. Probe-hybridized plasmids were captured by incubation for 30 min at room temperature with the beads kept in suspension by taping the tube upright to a Fisher Vortex Genie 2 TM (Bohemia, NY, USA) and shaking at a setting of 2 [alternatively a microcentrifuge tube accessory starter set (Fisher Cat. #12-812A) may be used to hold the tube]. The beads were collected with a magnet (Dynal MPC; Dynal A.S., Oslo, Norway) and washed six times with 200 µl wash buffer (2× SSPE pH 7.4, 0.1% Tween 20) and once with 200 µl H 2 O (in a fresh tube). Beads were resuspended at each step by pipetting up and down twice and the tube subsequently held on the magnet for 15 s. More frequent or stringent washes failed to enhance the recovery of the target plasmid (data not shown). The beads were finally resuspended in 10 µl 0.5× TE buffer and the tube incubated at 80_C for 3 min to thermally release the captured plasmids from the oligos and streptavidin-coated magnetic beads. The beads were immobilized on a magnet for a few seconds and the supernatant promptly transferred to a fresh tube. No further purification of the captured plasmid DNA was necessary since the released blocking oligos do not interfere with the transformation frequency; elimination of the oligos by Microcon spin column (Amicon, Inc., Beverly, MA) purification (Table 1 , rows 5a and 5b) does not alter the transformation efficiency.
Captured plasmid DNA was electrotransformed into commercially available electrocompetent DH10B E.coli (Life Technologies, Gaithersburg, MD, USA) according to the manufacturer's instructions. Each transformation consisted of 20 µl DH10B and 2 µl captured plasmid. Aliquots of the transformation mixture were subsequently plated on LB agar dishes containing 100 µg/ml carbenicillin (Cb) ± 7.5 µg/ml chloramphenicol (Cm) in order to determine the total colony number and the fraction of pSPORT1-CAT positive colonies.
Depending on the relative abundance of the desired cDNA clone in the library, two or more rounds of enrichment may be necessary. For extremely rare messages (e.g. 0.0001%), we transformed the entire 10 µl of first round captured DNA in 5× 2 µl transformations, plated each transformation on an individual LB + Cb plate, harvested total colonies on each dish for SNAP TM mini-prep DNA isolation (Invitrogen, San Diego, CA), and pooled 1 µg from each mini-prep (5 µg total) for the next round of enrichment. Subsequent rounds were performed transforming with only 2 µl of the 10 µl captured DNA and plating the entire transformation on an individual LB + Cb plate for SNAP TM mini-prep DNA isolation. After the desired number of rounds, transformed bacteria were plated at an appropriate density to yield well-separated individual colonies for colony PCR screening.
We tested several variables in the magnetic bead capture procedure, as shown in Table 1 , including the method of denaturing the plasmid double-strand cDNA library (rows 1a-1d), the number of washes with wash buffer (rows 2a-2c) , the number and location of the biotin moiety on the probe (rows 3a-3c), the number of rounds of screening (rows 4a-4b), the requirement for blocking oligos (rows 8a-8d) and the sensitivity of the assay (rows 6, 7 and 9a-9c). Optimized conditions from the experiments featured in this table and from experiments not shown were assimilated into the final protocol as outlined above. As proof of concept, we have successfully used the magnetic bead capture procedure to isolate two low-abundance, novel delayed rectifying-like potassium channel cDNAs from a human lens epithelium plasmid cDNA library (manuscripts in preparation).
Our method is comparable in sensitivity and time scale to the Genetrapper method (Table 1 , rows 10-13) but requires no enzymatic manipulation of the plasmid cDNA library thus avoiding the single strand intermediate which can cause deletions and rearrangements and avoids the purchase of a relatively expensive kit and its proprietary reagents. A target plasmid represented as one part in 50 000 resulted in, on average, a 1000-fold enrichment after a single round and a 50 000-fold enrichment after two rounds. A target plasmid present as one part in 10 6 can be enriched 340 000-fold after just three rounds. Thus, even the rarest cDNA clones may be easily identified after multiple rounds of enrichment using our method. Given that each round requires only 1 day to perform, that no radioactivity is used, and that the procedure can be accomplished with readily obtainable materials, we feel our method will be of general use for isolating cDNA clones based on EST, isolated exons or homologous sequence information.
